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ABSTRACT Osteoblasts are susceptible to the surface characteristics of bioceramics and stimulation from outside the cells. The purpose
of this study was to evaluate the effects of electrical polarization on surface characteristics and osteoblastic adhesion. The surface
characteristics revealed that electrical polarization had no effect on the surface roughness, crystallinity, and constituent elements.
According to contact-angle measurements, electrically polarized hydroxyapatite (HA), which provides two kinds of surfaces, negatively
charged HA (N-HA) and positively charged HA (P-HA), was even more hydrophilic than that of normal HA (O-HA). Morphological
observations and quantitative analyses revealed that the typical adhered cells had a round shape on O-HA but had a spindle or fanlike
spreading configuration on N-HA and P-HA 1 h after seeding. After 3 h of cultivation, the rate of the number of spread cells and the
size of the focal adhesions on O-HA increased and approached that of N-HA and P-HA. However, the cell areas positively stained for
actin, which indicates the degree of cell spreading, were distinctly larger on N-HA and P-HA than that on O-HA. The number of focal

adhesions per cell was also less than that on N-HA and P-HA.
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INTRODUCTION
umerous studies on an interface between inorganic

biomaterials and cells have been carried out for

control of the osteoblast behavior including adhe-
sion, proliferation, and differentiation. Control of the osteo-
blast behavior contributes to improved osteoconductivity,
which is the formation of new bone in the vicinity of the
implanted biomaterials. Generally, adhesion of the osteo-
blasts to inorganic biomaterials plays a predominant role in
the regulation of the subsequent differentiation and forma-
tion of the extracellular matrix following spreading and
motility (1). Adhesion of the osteoblasts is primarily the
result of two subjects, namely, the surface characteristics of
the biomaterials involved and stimulation from outside the
cells. The former subject, surface characteristics, including
the topography, constituent elements, functional group, and
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wettability of biomaterials affect osteoblast attachment and
adhesion (2—5). The surface characteristics were reportedly
affected by the surface roughness, surface crystallinity
(2—4), constituent elements at the surface, and incorpora-
tion of ions such as carbonate or fluorine (6, 7). In addition,
electron-induced surface-energy modifications such as pho-
toluminescence and surface photovoltage spectroscopy were
also effective in the improvement of the surface character-
istics (8). The latter subject, stimulation from outside the
cells, which includes electrical stimulation such as capacitive
coupling, inductive coupling, and combined electromagnetic
fields, affects osteoblast attachment, adhesion, and motility
(8).

The mechanism of cell adhesion on biomaterials varies
according to the type of substrate. Human osteoblast-like
cells initially attached and spread more quickly on hy-
droxyapatite (HA) than on titanium (1). HA and titanium
surfaces, furthermore, influence gene expression at an early
phase of adhesion as well as at the later phases of prolifera-
tion and differentiation (4). These behaviors of osteoblasts
can be attributed to the differences in surface characteristics
because the differences affect the signal transduction path-
ways. The signal transduction pathways involved in the
adhesion of osteoblasts on HA and titanium were confirmed
by the subsequential expression of a3, integrins (1).

Cell shapes on substrates are dependent on the integrin-
mediated cytoskeletal and signal transduction molecules,
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such as actin filaments and vinculin (9, 10), and are impor-
tant during cell—substrate adhesion for subsequent cell
behaviors such as proliferation and differentiation (7, 11).
Vinculin molecules are involved in the cytoplasmic domain
of focal adhesion and seem to be responsible for transmit-
ting signals from integrins on the cell surface to cytoskeletal
actin filaments by the formation of focal adhesions. Because
cell adhesion that is mediated via focal adhesions undergoes
dynamic changes in the structure and molecular properties
from dotlike focal complexes to matured focal contacts, the
number, size, and localization in the adhered cells are
important (11). Therefore, we concentrated on the adhered
cell shapes that were indicated by the actin structure and
vinculin localization in order to study osteoblast adhesion.

We have recently demonstrated that the charged surfaces
on HA (12—16) were induced by polarization-enhanced
osteoconductive capabilities (17, 18) in vivo. The new bone
formation and localization of the osteoblasts positively
stained for alkaline phophatase were enhanced in the center
of the polarized porous HA specimens after 3 weeks of
implantation into the tibiae of rabbits compared with the
conventional porous HA specimens (18). The polarized HA
also accelerated protein adsorption at an early stage after
implantation (19). The adsorption of fibrin protein was
accelerated on the polarized HA after 5 min of implantation
into the tibiae of rats compared with the conventional dense
HA specimens. Additionally, the polarized HA had effects not
only on the hard tissues but also on the soft tissues. The
polarized HA enhanced the blood vessel regeneration of a
vascularly injured model (20) and epidermal recovery from
full-thickness skin wounds in vivo (21). On the basis of the
aforementioned results of the enhancement of tissue regen-
eration of both hard and soft tissues in vivo, the polarization
treatment is considered to have effects on cell behaviors. The
initial adhesion and motility of osteoblast-like cells (MC3T3-
El osteoblast cell line) were accelerated in vitro (22). Al-
though the polarization treatment enhanced behaviors of the
osteoblast cell line in vitro, the mechanisms of the effects
induced by the polarization treatment on the osteoblast
behavior were not completely recognized. Considering two
important subjects in cell adhesion, including the surface
characteristics of the materials and stimulation from outside
the cells, we focused on the surface characteristics of polar-
ized HA and the effects of electrical stimulation by polariza-
tion on primary osteoblast behavior in vitro in order to study
the mechanism of the effects of enhancement.

MATERIALS AND METHODS

Surface Characteristics. The HA powder was synthesized
from the analytical-grade reagents of calcium hydroxide and
phosphoric acid by the wet method (15). The HA powder was
calcined at 850 °C and pressed into a mold at 200 MPa. In order
to suppress dehydration, the HA compacts were sintered in a
saturated water vapor atmosphere at 1250 °C for 2 h. The
sintered HA specimens were electrically polarized according to
our previous work (15) with a pair of platinum electrodes at 400
°C in direct-current (dc) electric fields of 5 kV/cm for 1 hin air.

X-ray diffraction (XRD) measurements of the normal HA (O-
HA), the negatively charged HA (N-HA), and the positively
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charged HA (P-HA) surfaces were performed for phase analysis
at room temperature (RT) with Cu Ka radiation at 40 kV and
40 mA on a Philips PW1700 diffraction spectrometer equipped
with a graphite monochromator. X-ray photoelectron spectros-
copy (XPS) analysis was performed for compositional analysis
using a Scienta ESCA 200 spectrometer (Sweden) with Al Ko
X-rays under an analytical angle of 45°.

Polarization of the HA specimens was verified by thermally
stimulated depolarization current (TSDC) measurement before
and after cell cultivation. The TSDC measurements were carried
out according to our previous study (14, 15) in air from RT to
600 °C at a heating rate of 5.0 °C/min. The depolarization
current was measured with a Hewlett-Packard 4140B pA meter.
The values of the polarization charge (Q,) were calculated from
the TSDC spectra using the equation

Q, = 1B [Jndr

where J(T) is the measured dissipation current density at tem-
perature T and f3 is the heating rate.

Wettability Analysis. The surface roughnesses of O-HA,
N-HA, and P-HA were analyzed using a laser microscope (Key-
ence, VK8500). A total of 15 measurements on each specimen
were performed to obtain an average. Specimens with an
average density of 98 % and an R, value of 0.05 were used for
contact-angle measurements.

The highly crystalline HA specimens were electrically polar-
ized with a pair of platinum electrodes under two sets of
conditions. One was the mild condition at 400 °C in dc electric
fields of 5 kV/cm for 1 h in air [1]. The other was the strong
condition at 550 °C in dc electric fields of 10 kV/cm for 6 h in
air [2]. The unpolarized normal HA was designated as O-HA as
the control. The N-HA polarized under conditions [1] and [2]
were designated as N-HA(400) and N-HA(550), respectively. The
P-HA polarized under conditions [1] and [2] were designated
P-HA(400) and P-HA(550), respectively.

Contact-angle measurements were performed on the O-HA,
N-HA, and P-HA specimens using distilled and deionized water
(Kyowa Interface Science, DropMaster DM-500). Contact angles
were calculated by Young’s equation:

Ysv = Yy Cos O + yg

where subscripts S, L, and V refer to solid, liquid, and vapor. A
total 10 measurements on each specimen were performed, and
independent experiments were conducted on three different
specimens. The average values of the O-HA, N-HA, and P-HA
from 10 measurements each were determined. A one-way
ANOVA test was performed to determine the statistical signifi-
cance (p < 0.05) of the differences in the values of wettability
as well as surface topography.

Cell Adhesion Assay. Mouse mesenchymal stem cells were
isolated from the tibiae and femurs of C57BI/6] mice (female,
8—12-week-old) as described in detail (23). Briefly, the mice
were euthanized and sterilized with 70 % ethanol. Soft tissues
were removed, and the tibiae and femurs were separated. The
epiphyses were resected, and bone marrow cells were flushed
out with oc-modified essential Medium (a-MEM) including 10 %
heat-inactivated fetal calf serum (FCS), 100 IU/mL penicillin, and
100 ug/mL streptomycin using a syringe and a needle. Nucle-
ated cells were counted in a hemocytometer; the cells were
dispersed at a density of 1 x 10° cells/cm?. The cells were
maintained for 7 days in an osteoinductive culture medium,
a-MEM, including 15% FCS, 100 IU/mL penicillin, 100 ug/mL
streptomycin, 10 nM dexamethasone, 50 ug/mL ascorbic acid,
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Table 1. Average Values of the Relative Densities
and the Surface Roughness (R,) of Sintered Dense
HA Specimens”

O-HA N-HA P-HA

relative density (%) 98 98 98

surface roughness (Ra) 0.5 4+ 0.01 0.5+ 0.01 0.5 4+ 0.01

“The R, values were measured using a laser microscope. No
significant differences in the relative densities and R, were found
among O-HA, N-HA, and P-HA.

and 10 mM sodium f-glycerophosphate in a humidified atmo-
sphere of 95% air and 5% CO, at 37 °C.

The adherent cells were scraped and centrifuged at 1000 rpm
for 5 min. The supernatant was removed, and the cell pellet was
suspended in the culture medium. The cells were seeded at a
density of 1 x 10* cells onto the HA specimens, which were
sterilized with 70% ethanol, and immersed in the culture
medium for 30 min. At I and 3 h after seeding, the cells on the
HA surfaces were fixed with 4 % paraformaldehyde and blocked
with 5% goat serum in 0.1% Triton X-100 in phosphate-
buffered saline (PBS). The primary antibody in the blocking
solution was added for 1 h at RT. Following extensive washing
with PBS, the HA specimens were incubated in Alexa-conjugat-
ed goat immunoglobulin in a blocking solution containing
rhodamine phalloidin for 1 h at RT. After 4,6-diamino-2-
phenylindole staining, fluorescent signals were observed using
a fluorescence microscope (Olympus IX71).

From the fluorescence actin staining, the cell morphology was
categorized into three types: round, semispread, and well-
spread (24). The first category, round, shows the cells just
attached with a circular or spherical shape. The second category,
semispread, shows the cells slightly spread with no stress fiber
or lamellipodia structure. The third category, well spread, shows
the cells with stress fiber or lamellipodia structure. The catego-
rization was performed for a minimum of 80 cells on each
surface. In addition, the cell areas positively stained for actin
were measured using MetaMorph software. The measurement
was performed for a minimum of 50 cells on each surface. From
the fluorescence vinculin staining, the number per cell and the
size of the vinculin-positive focal adhesions were measured
using MetaMorph software. The measurement was performed
for a minimum of 50 cells on each surface.

Accurate quantification in five different HA specimens was
achieved by three independent experiments. The differences
between the two groups were analyzed using one-way or two-
way analysis of variance (ANOVA). The Student’s ¢ test (paired
or unpaired) was used to ascertain the differences between the
two groups. The statistical significance was defined as p < 0.05.

RESULTS
Both the density and surface roughness (R,) of the

employed HA specimens are summarized in Table 1, indi-
cating their relative densities of 98 % and average R, values
of 0.5 £ 0.02. No significant differences in the surface
roughness were found among O-HA, N-HA, and P-HA. The
XRD patterns of O-HA, N-HA, and P-HA were highly consis-
tent with the published data of HA (JCPDS no. 9-432),
indicating that the HA surfaces consisted of a single phase
of hexagonal HA before and after polarization (Figure 1).
XPS survey-scan spectra of the O-HA, N-HA, and P-HA
surfaces are shown in Figure 2A. By comparison with the
published data of XPS spectra (25), no differences in the
representative XPS spectra were found among O-HA, N-HA,
and P-HA, indicating that no significant changes occurred
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FIGURE 1. XRD patterns of O-HA, N-HA, and P-HA. The dense HA
specimens sintered in a saturated water vapor atmosphere at 1250
°C for 2 h were polarized at 400 °C in dc fields of 5 kV/cm in air.
The patterns were matched to the published data of HA (JCPDS no.
9-432) and demonstrated that the surfaces of the HA specimens
consisted of a single phase of hexagonal HA.
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FIGURE 2. (A) Spectra of the XPS survey scan of O-HA (a), N-HA (b),
and P-HA (c). The representative spectra show the peaks corre-
sponding to the same s and p orbitals of oxygen, calcium, phospho-
rus, and carbon. (B) Spectra of the XPS detailed scan of O-HA (a),
N-HA (b), and P-HA (c). The binding energies are 517 eV for oxygen,
347 and 351 eV for calcium, and 133 eV for phosphorus.

in the elements on the XPS analytical level during polariza-
tion. Although the C 1s peak was observed in all of the
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FIGURE 3. Contact-angle values of O-HA, N-HA (400 and 550), and
P-HA (400 and 550) using distilled and deionized water. O-HA
presented the highest values, indicating that the normal HA surface
was a more hydrophobic material, while N-HA (400 and 550) and
P-HA (400 and 550) presented a lower angle, being a more hydro-
philic material.

Contact angle (6)

specimens besides the expected calcium, phosphorus, and
oxygen peaks, the carbon is the so-called adventitious
carbon because of adsorption of the impurity hydrocarbon
and generally has no effect on the interpretation for XPS
measurements. The C 1s peak was used for calibration of
the binding energies by setting its binding energy to 284.6
eV to correct for sample charging. Only peaks corresponding
to some 1s and 2p orbital electrons of oxygen, calcium,
phosphorus, and carbon were clearly observed on the XPS
spectra of the HA surfaces. The binding energies are 517 eV
for oxygen, 347 and 351 eV for calcium, and 133 eV for
phosphorus (Figure 2B).

Figure 3 shows the contact-angle values obtained for the
five different types of HA surfaces. O-HA presented the
highest values, indicating that the normal HA surface was a
more hydrophobic material, while N-HA (400 and 550) and
P-HA (400 and 550) presented lower angles, thus being more
hydrophilic. O-HA showed a contact angle of 60°, while
N-HA (400) and P-HA (400) displayed a contact angle of 35°.
N-HA (550) and P-HA (550) showed contact angles of 30°
and 25°, respectively. These results indicated that the
wettability improved on both N-HA and P-HA.

To evaluate whether polarization of HA was influenced
during cell cultivation, the TSDC spectra of HA retrieved from
the medium after 3 h and 7 days of cultivation were
compared with those of as-polarized HA (Figure 4). Both of
the TSDC curves of before and after cultivation increased at
ca. 150 °C, reached maximum points at ca. 400 °C, and
then gradually decreased. The stored charges (Q) from the
TSDC spectra were calculated at 5.2 uC/cm for before
cultivation, at 4.6 uC/cm for after 3 h of cultivation, and at
4.0 uClcm for after 7 days of cultivation, respectively. As
shown, there is no significant difference in the spectra,
indicating that the stored charges were satisfactorily main-
tained on the HA surfaces during sterilization and cultivation.

Figure 5 shows vinculin, actin, and nuclei labeling of the
cells after seeding onto the HA specimens for 1 h (A) and
3 h (B), respectively. Cytoskeletal organization and formation
of focal adhesions on O-HA, N-HA, and P-HA were analyzed
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FIGURE 4. TSDC spectra of HA specimens retrieved from the culture
medium compared with those of as-polarized HA. The lack of
significant changes in the TSDC curves showed that the stored
charges were estimated to be maintained during cell cultivation.
Both of the TSDC curves before and after 3 h and 7 days of cell
cultivation increased at ca. 150 °C and reached maximum points
at ca. 400 °C and then gradually decreased. The stored charges were
calculated from TSDC spectra at 5.2 uC/cm for before cultivation,
at 4.6 uClcm for after 3 h of cultivation, and at 4.0 4C/cm for after
7 days of cultivation, respectively.

by immunofluorescence using antibodies directed against
actin and vinculin. The majority of cells appeared to main-
tain a regular structure and presented a normal focal adhe-
sion distribution.

During cultivation 1 h after cell seeding, the cells that
adhered on O-HA showed a round or spherical configuration
(Figure 5A). The localization of vinculin was equally observed
in an accumulation of actin filaments in the round- or
spherical-shaped cells on O-HA. The cells that adhered on
N-HA (400 and 550) and P-HA (400 and 550) already showed
a spindlelike or fanlike shape after 1 h of cultivation. As
observed from the images of actin staining, the stress fiber
formation was significantly stronger on N-HA (400 and 550)
and P-HA (400 and 550) than on O-HA. Immunoreaction for
vinculin was found in the peripheral regions of the cells that
adhered on N-HA (400 and 550) and P-HA (400 and 550).
Cells left for 1 h before fixing and staining on N-HA (400 and
550) and P-HA (400 and 550) had a well-spread shape and
numerous focal adhesions scattered throughout their ventral
surfaces. The distribution of vinculin-immunoreactive focal
adhesions on N-HA (400 and 550) was similar to that of P-HA
(400 and 550). Therefore, after 1 h of cultivation on N-HA
(400 and 550) and P-HA (400 and 550), the differences of
the polarization conditions had no obvious effects on the
formation of the actin stress fiber or the focal contact
distribution in the cells.

During subsequent incubation after 3 h of cell seeding,
the cells that adhered on O-HA were spread and showed a
slightly spindlelike or rectangular shape (Figure 5B). An
accumulation of actin filaments in the periphery of lozenge-
shaped cells was equally observed in N-HA (400 and 550)
and P-HA (400 and 550). In addition, bundles of actin fibers
forming stress fibers appeared in the cells on N-HA (400 and
550) and P-HA (400 and 550) as the attached cells spread.
Well-defined stress fibers showing a regular arrangement
with particular polarities were found in some cells grown on
N-HA (400 and 550) and P-HA (400 and 550). In some cells
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FIGURE 5. Morphology of the adhered osteoblastic cells on O-HA, N-HA,
and P-HA. Actin, vinculin, nuclei, and merged fluorescence images of the
cells cultured on the HA specimens for 1 h (A) and 3 h (B) are shown,
respectively. (A) Actin staining showed round and spherical shapes and
colocalization with vinculin on O-HA 1 h after seeding. However, the cells
already showed a spindlelike or spread shape on N-HA and P-HA 1 h after
seeding, as observed from the images of actin staining. Focal adhesions
positively stained for vinculin were found in the peripheral regions of the
cells on N-HA and P-HA. (B) During subsequent cultivation 3 h after
seeding, the cells adhered on O-HA were elongated and showed a slightly
spindlelike or rectangular shape. Vinculin-positive focal adhesions were
found in the peripheral regions of the cells on O-HA. After 3 h of
cultivation, an accumulation of actin filaments in the periphery of lozenge-
shaped cells was observed in N-HA and P-HA. In addition, bundles of actin
fibers forming stress fibers appeared in the cells as the attached cells
spread. Vinculin-positive focal adhesions were found in the peripheral
regions of the cells on N-HA and P-HA. Bar = 20 um.

www.acsami.org

VOL. 1 «NO. 10 2181-2189 « 2009

=

120

100

80

®Well-spread
BSemi-spread
ORound

60

Spreading morphology (%)

20 - ok

>k .

*

O-HA  N-HA(400) N-HA (550) P-HA (400) P-HA (550)

C

100

80

®Well-spread
60 BSemi-spread
ORound

40

Spreading morphology (%)

20

O-HA N-HA (400) N-HA (550) P-HA (400) P-HA (550)

FIGURE 6. Cell morphologies after seeding were categorized into
three types based on fluorescence actin staining. These were round,
semispread, and well-spread. The first category of round shows the
cells just attached with a circular or spherical shape. The second
category of semispread shows the cells slightly spread with no stress
fibers or lamellipodia structures. The third category of well-spread
shows the cells with stress fibers or lamellipodia structures. (A)
Categorization of the cells on the HA specimens 1 h after seeding.
There was a remarkable difference in the cell spreading state
between O-HA and the polarized HA, including N-HA (400 and 550)
and P-HA (400 and 550) (* < 0.005 and ** < 0.02 compared with
O-HA). (B) Categorization of the cells on the HA specimens 3 h after
seeding. There was no significant difference between the cell
spreading states of the five HA specimens.

on N-HA (400 and 550) and P-HA (400 and 550), the actin
filaments were mostly distributed near the edge of pseudopo-
dia-like structures and formed weak bundles of stress fibers.
Immunoreaction for vinculin was found in the peripheral
regions of the cells that adhered on O-HA, N-HA and P-HA
(400 and 550). The distribution of vinculin-immunoreactive
focal adhesions on N-HA (400 and 550) was similar to that
of P-HA (400 and 550). Therefore, after 3 h of cultivation on
N-HA (400 and 550) and P-HA (400 and 550), the differences
of the polarization conditions had no obvious effects on the
formation of the actin stress fiber or the focal contact
distribution in the cells.

On the basis of fluorescence actin staining, the cell
morphology was categorized into three types: round, semi-
spread, and well-spread. There was a remarkable difference
in the degree of spreading between O-HA and the polarized
HA 1 h after seeding (Figure 6A). The rate of the cells
categorized as round that were cultured on O-HA was 83 %,
while that on N-HA (400 and 550) and P-HA (400 and 550)
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FIGURE 7. To quantify the degree of cell spreading between the five
HA specimens, the cell areas positively stained for actin were
measured using MetaMorph software. The cell areas increased from
1 to 3 h after seeding, which means that the cells spread and
elongated on the HA specimens. The cell area was significantly larger
on the N-HA (400 and 550) and P-HA (400 and 550), compared to
the O-HA 1 h (* < 0.005 compared with O-HA) and 3 h (** < 0.005
compared with O-HA) after seeding.

N-HA(550) P-HA(400) P-HA(550)

was 10—22%. The cells categorized as semispread had
almost equal subpopulations on every type of HA surface;
the rate was 14—43 % . The rate of the cells categorized as
well-spread cultured on O-HA was 3 %, while that on N-HA
(400 and 550) and P-HA (400 and 550) was 41—63 % . These
results showed that the spread of the cells was accelerated
on both N-HA and P-HA, compared with that on O-HA. The
degree of spreading had no significant difference between
the five HA specimens 3 h after seeding (Figure 6B). Although
a few cells categorized as round (1—5%) or categorized as
semispread (6—18%) still remained, most of the cells
(77—88 %) had well-spread morphologies on the five HA
specimen types.

To quantify the difference in the degree of cell spreading
between the five HA specimen types, the cell areas positively
stained for actin that adhered were measured (Figure 7). The
cell areas increased from 1 to 3 h, which means that the cells
spread and elongated on the HA specimens. The cell areas
were significantly larger on the N-HA (400 and 550) and
P-HA (400 and 550), compared to the O-HA 1 and 3 h after
seeding. The area of the cells cultured on the polarized HA
was approximately five times or two times larger than the
area on the O-HA 1 or 3 h after seeding, respectively.
However, no significant differences in cell area were ob-
served among the N-HA (400 and 550) and P-HA (400 and
550).

To quantify the difference in the formation of vinculin-
positive focal adhesions between the five HA specimens,
the number per cell and the size of the focal adhesions
were measured (Figure 8). The number of focal adhe-
sions per cell increased from 1 to 3 h after seeding, which
means that the new focal adhesions were formed on HA
specimens (Figure 8A). The number of vinculin-positive focal
adhesions was significantly larger on N-HA (400 and 550)
and P-HA (400 and 550) compared to O-HA 1 and 3 h after
seeding. The size of the focal adhesions slightly increased
from 1 to 3 h after seeding, which means that the focal
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FIGURE 8. To quantify the formation of vinculin-positive focal
adhesions between the five HA specimens, the number per cell (A)
and the size (B) of focal adhesions were measured using MetaMorph
software. (A) The number of focal adhesions per cell increased from
1 to 3 h after seeding, which means that the new focal adhesions
were formed on HA specimens. The number of vinculin-positive
focal adhesions was significantly larger on N-HA (400 and 550) and
P-HA (400 and 550), compared to O-HA 1 h (* < 0.002 compared
with O-HA) and 3 h (** < 0.05 compared with O-HA) after seeding.
(B) The size of focal adhesions slightly increased from 1 to 3 h after
seeding, which means that the focal adhesions were matured on HA
specimens. The size of the vinculin-positive focal adhesions was
significantly larger on N-HA (400 and 550) and P-HA (400 and 550),
compared to O-HA 1 h (* < 0.001 compared with O-HA) after
seeding.

adhesions were matured on HA specimens (Figure 8B). The
size of the vinculin-positive focal adhesions was significantly
larger on N-HA (400 and 550) and P-HA (400 and 550),
compared to O-HA 1 h after seeding.

DISCUSSION
We have shown that the HA surface with its wettability

improved by polarization affects the morphology of the
adhered osteoblasts. An effect of polarization on wettability
will be discussed here relative to conventional thoughts on
the wettability of HA.

The measurement of the contact angle revealed that the
wettability of the polarized HA was higher than that of O-HA,
showing that both N-HA and P-HA were more hydrophilic
than O-HA (Figure 3). Wettability has been reported to
depend on the surface roughness or crystallinity on a solid
surface (2—4). Considering these factors, the present study
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employed HA specimens with almost equal surface rough-
ness, crystallinity, and constituent elements at the surface,
as shown in Table 1 and Figures 1 and 2. Thus, the improved
wettability of the HA surfaces resulted from other factors.
Modification of the surface wettability on HA was reportedly
achieved by A-type carbonate apatite, corresponding to the
location of the carbonate ions on monovalent anionic OH™
sites (6), and by fluoridated HA, incorporating fluorine in HA
(7). However, improvement of the HA surface wettability by
polarization did not affect the structural transformation. In
contrast, electron-induced surface-energy modification such
as photoluminescence and surface photovoltage spectros-
copy was reported as an effective method of the surface-
energy modification of the HA nanoparticle coating (8). The
possible explanation for the improved surface wettability by
polarization is the surface-energy modification because of
the polar interaction energy with water.

The TSDC spectra before and after cultivation showed a
similar diagram (Figure 4). The charges induced by polariza-
tion on the HA surfaces were maintained during immersion
in 70 % ethanol for sterilization and in a cell culture medium
for 3 h and 7 days because the polarization occurred within
the entire solid as a result of proton migration (15). This
stability of the surface charges supported the idea that the
effects by polarization were caused by the improved wetta-
bility during cell cultivation.

Morphological observation and quantitative analysis re-
vealed that the typical adhered cells had a round or spherical
shape on O-HA but had a spindle- or fanlike spreading
configuration on N-HA (400 and 550) and P-HA (400 and
550) 1 h after seeding (Figures 5A and 6A). After 3 h of
cultivation, the rate of the number of cells spreading on
O-HA increased and approached that on N-HA and P-HA
(Figures 5B and 6B). However, the cell areas positively
stained for actin, which showed the degree of cell spreading
on the HA specimens, were distinctly larger on N-HA and
P-HA than on O-HA 1 and 3 h after seeding (Figure 7). These
results demonstrated that the charges induced on the HA
surfaces affected the percentages of the number of initial
cells spreading against the total number of adhered cells and
the degree of cell spreading on each cell.

Changes in the surface wettability of HA resulted from
structural transformation and had effects on cellular
behaviors. For example, A-type carbonate apatite and
fluoridated HA affected cell proliferation and spreading,
respectively (6). A-type carbonate apatite, corresponding
to a location of carbonate ions at monovalent anionic OH™
sites, had lower wettability, lower cell spreading, and
similar cell proliferation compared with HA. The incor-
poration of fluorine in HA caused an insignificant increase
in the surface roughness and a slight increase in the
contact angle (7). The fluoridated HA had no effect on the
initial cell attachment but did have an effect on the cell
spreading process. The surface wettability on several
biomaterials other than apatite affects cell adhesion on
the polymer (26), glass microscope slides (27), partially
yttria-stabilized zirconia (28), poly(methyl methacrylate)
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(2), and titanium (3, 29). Despite the differences in the
substrates or methods for the improvement of the surface
wettability, changes in the surface wettability of bioma-
terials brought out advantages in cellular behaviors such
as attachment and spreading. Therefore, the improve-
ment of the surface wettability by polarization, conse-
quently, contributed to the acceleration of cell spreading
on N-HA (400 and 550) and P-HA (400 and 550). Whereas
the improvement of the surface wettability, consequently,
accelerated osteoblastic cell spreading, it had no effect on
cell differentiation, especially mineralization (30, 31). It
would be useful to further investigate whether the im-
provement in the surface wettability of HA by polarization
affects the differentiation of osteoblastic cells.

The focal adhesions were highlighted by immunocy-
tochemistry using mouse monoclonal antibodies against
vinculin. Two types of cells stained for vinculin appeared.
The first appearance of vinculin staining was observed in
round and spherical cells, which approximately colocal-
ized at nuclei and actin filaments. The second appearance
of vinculin staining was observed in spread cells, which
localized both at the cytoplasm with a dotlike structure
and at the periphery with a larger spotlike structure. More
than half of the cells on O-HA showed the first type of
vinculin staining and had a small number and size of focal
adhesion 1 h after seeding. On the other hand, almost all
cells on N-HA (400 and 550) and P-HA (400 and 550)
showed the second type of vinculin staining and had a
large number and size of focal adhesion 1 h after seeding.
When the cells were left for 3 h before fixing and staining,
the majority of the cells on O-HA, N-HA, and P-HA showed
the second type of vinculin staining and had matured large
focal adhesion 3 h after seeding. Although the size of focal
adhesions on O-HA was similar in N-HA (400 and 550)
and P-HA (400 and 550), the number of focal adhesions
per cell on O-HA was less than that on the polarized HA
even after 3 h of cultivation.

The number, size, and localization of the vinculin-
positive focal adhesions are important in adhered cells.
Adhesions mediated via focal adhesions undergo dynamic
changes in the actin structure and molecular properties
from dotlike focal complexes to stress-fiber-associated
focal contacts, which can further mature (11). In the first
step of adhesion, small matrix adhesions denoted as focal
complexes are formed. Focal complexes are short-lived
structures, containing integrin and vinculin. They are early
adhesions that transform into focal adhesions following
the activation of RhoA or because of external mechanical
perturbation (32). If stabilized, they will subsequently
form focal adhesions, which can, in turn, transition to
fibrillar adhesions (33). Excessive enlargement of focal
adhesions at the cell periphery is a sign of defects in focal
adhesion dynamics, which are essential for cell movement
(34—37). Vinculin was localized in those peripheral adhe-
sions that turn over rapidly during cell spreading (38). The
production and assembly of vinculin-positive focal adhe-
sions are indicators of biocompatibility and stability for
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cell behaviors such as adhesion, migration, growth, and
differentiation. The results of the vinculin localization on
N-HA (400 and 550) and P-HA (400 and 550) suggested
that both of the polarized HA surfaces were suitable for
the formation of focal complexes and subsequent focal
adhesions. These benefits could contribute to cell behav-
iors on the polarized HA.

The mechanism of cell adhesion on biomaterials varied
according to the type of substrate and depended on the
kinds and amount of proteins previously adsorbed on the
biomaterials (39, 40). Human osteoblast-like cells initially
attached and spread more quickly on the HA surface than
they did on titanium (1) because the molecules regulating
cell spreading on HA, such as vitronectin and fibronectin,
were apparently different from those on titanium (41).
Furthermore, HA and titanium surfaces influence the gene
expression of adhesion proteins early during adhesion as
well as during the proliferation and differentiation phases
(4). The signal transduction pathways involved in the
adhesion of osteoblastic cells on HA and titanium were
confirmed by the sequential expression of a3, integrins,
focal adhesion kinase (FAK), and extracellular signal-
regulated kinase (ERK) genes followed by the expression
of the c-jun and c-fos genes for proliferation and the
alkaline phosphatase gene for differentiation (1). Mitogen-
activated protein phosphorylation, spreading, and focal
adhesion formation were enhanced on Ti6Al4V and FN-
coated glass compared with poly(;-lysine)-coated glass
(42). These effects on the signal transduction pathway
through the adsorbed proteins on the various types of
substrates resembled the effects detected on the polarized
HA surfaces. N-HA and P-HA accelerated the adsorption
of fibrin that is one of the cell adhesion proteins (19). This
acceleration of the protein adsorption has a chance to be
effective on cell adhesion through the signal transduction.
In comparison with other biomaterials, the surface wet-
tability of HA had advantages for protein adsorption (43).
One of the important reasons for the enhancement of cell
spreading on N-HA and P-HA is certainly the improved
surface wettability. The decrease of the contact angle was
induced from the high surface energy, which supported
high protein adsorption on the substrate surface (27, 30).
The high adsorbed proteins, especially cell adhesion
proteins, contribute to cell adhesion and spreading.

In conclusion, this study provides two new and important
items of information on polarized HA surface characteristics
and cell behavior on polarized HA. First, polarization im-
proved the wettability of the HA surface. Furthermore, the
stored charges on the HA induced by the polarization were
maintained during sterilization with ethanol and cell cultiva-
tion. Second, the improvement of the surface wettability,
consequently, affected osteoblastic adhesion, especially
spreading.
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